In awake nonnocapnic rats, the density of the total and of the perfused capillary network was determined in 10 brain areas. The density of perfused capillaries was measured by using fluorescein isothiocyanate (FITC) globulin or Evans blue as intravenous marker and by fluorescent microscopy. The density of morphologically existing capillaries was determined according to either the histochemical alkaline phosphatase method or a newly developed immunohistochemical fluorescent method that allows marking of the capillary wail constituent fibronectin with a primary antibody directed against fibronectin. This antibody is made visible by a second FITC-coupled antibody (indirect immunofluorescence). Comparison of perfused and existing capillary counts revealed high congruence when fluorescent results were compared. In contrast, the alkaline phosphatase technique yielded capillary counts that were consistently 30% lower than the fibronectin and the FITC globulin counts. The identity of the perfused and the morphologically existing capillary network could be confirmed by a newly developed double-staining technique. First, the perfused capillaries were quantified by intravascular Evans blue. Then, the existing capillaries were relocated in the same measuring field by the fibronectin technique. Such double staining resulted in identical capillary counts in 97% of all cases. The following conclusions have been reached: 1) Fluorescent methods show a perfusion ofvirtually all capillaries in the brain of the awake normocapnic rat. 2) The alkaline phosphatase technique appears to underestimate the capillary density in the rat brain. (Circulation Research 1990;66:271-281) A vailable literature is highly controversial in regard to the fraction of the brain capillaries perfused at a certain time point under normal conditions. There have been inconsistent findings of perfusion fractions ranging from half to all of the existing cerebral capillaries. The most extensive work has been presented by Weiss and colleagues,1-5 who claim a perfusion of about half of the capillary bed in the brain. In anesthetized and awake rats, they intravenously injected the fluorochrome fluorescein isothiocyanate (FITC), which was coupled to dextran. The density of perfused capillaries was then quantified from black and white photographs of dried brain cryosections by use of fluorescent microscopy. These counts of perfused capillaries were then related to counts of morphologically existing vessels obtained from the same brain section after staining by the alkaline phosphatase method with light microscopy. Other techniques have yielded a higher percentage of perfused capillaries under nor-mal conditions. Tyson et a16 have claimed a differing percentage of perfused capillaries depending on the brain structure investigated. From comparing autoradiographically measured red blood cell volume, plasma volume, and light microscopical capillary volume in different brain structures of awake rats, these authors concluded that between 35% and 100% of all existing capillaries are perfused within 2-5 minutes. Collins et a17 have concluded that more than 84% of all capillaries of the stratum griseum superficiale of the superior colliculus are perfused under physiological conditions. They stained the vascular contents of the rat brain by black ink and the capillary walls by the alkaline phosphatase method. In an in vivo investigation of the exposed cortex of anesthetized cats, Pawlik et a18 found more than 90% of all capillaries being perfused. Indications for the perfusion of all or nearly all capillaries in the brains of awake and anesthetized rats came from our previous study.9 The two intravascular markers, FITC and RB 200, both coupled to gamma globulin, were injected at different time points (e.g., 5 minutes and 10 seconds before decapitating the animal). Each of both capillary stains could be visualized separately by using different filter combinations in the fluorescent microscope. This method has been developed by Vetterlein et al10 for the heart. The results showed
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2) The alkaline phosphatase technique appears to underestimate the capillary density in the rat brain. (Circulation Research 1990;66:271-281)
A vailable literature is highly controversial in regard to the fraction of the brain capillaries perfused at a certain time point under normal conditions. There have been inconsistent findings of perfusion fractions ranging from half to all of the existing cerebral capillaries. The most extensive work has been presented by Weiss and colleagues,1-5 who claim a perfusion of about half of the capillary bed in the brain. In anesthetized and awake rats, they intravenously injected the fluorochrome fluorescein isothiocyanate (FITC), which was coupled to dextran. The density of perfused capillaries was then quantified from black and white photographs of dried brain cryosections by use of fluorescent microscopy. These counts of perfused capillaries were then related to counts of morphologically existing vessels obtained from the same brain section after staining by the alkaline phosphatase method with light microscopy. Other techniques have yielded a higher percentage of perfused capillaries under nor-mal conditions. Tyson et a16 have claimed a differing percentage of perfused capillaries depending on the brain structure investigated. From comparing autoradiographically measured red blood cell volume, plasma volume, and light microscopical capillary volume in different brain structures of awake rats, these authors concluded that between 35% and 100% of all existing capillaries are perfused within 2-5 minutes. Collins et a17 have concluded that more than 84% of all capillaries of the stratum griseum superficiale of the superior colliculus are perfused under physiological conditions. They stained the vascular contents of the rat brain by black ink and the capillary walls by the alkaline phosphatase method. In an in vivo investigation of the exposed cortex of anesthetized cats, Pawlik et a18 found more than 90% of all capillaries being perfused. Indications for the perfusion of all or nearly all capillaries in the brains of awake and anesthetized rats came from our previous study.9 The two intravascular markers, FITC and RB 200, both coupled to gamma globulin, were injected at different time points (e.g., 5 minutes and 10 seconds before decapitating the animal). Each of both capillary stains could be visualized separately by using different filter combinations in the fluorescent microscope. This method has been developed by Vetterlein et al10 for the heart. The results showed that identical patterns of capillary stains were obtained with circulation times ranging between 10 seconds and 30 minutes. These data led our group to the conclusion of an instantaneous perfusion of all available capillaries, which is in marked contrast to that of Weiss and colleagues.1-5 Although the methods seem to be comparable at first sight, there are methodological differences between the fluorescent methods used by these investigators and by our group that lead to divergent results and conclusions concerning the dynamics of capillary perfusion in the brain. The methodological differences mainly concern the processing of the tissue. Weiss and his group measure the fluorescent counts after air drying of the cryosections. As will be outlined in the present paper, this approach of air drying results in a substantial loss of capillary counts and falsely indicates a low percentage of perfused capillaries. On the other hand, our approach could be criticized because, in contrast with these researchers, we did not use any reference staining of the morphologically existing capillaries. As to the brain, capillary structures have been stained mainly by the alkaline phosphatase method, which is a light microscopic method.1-5 7We hypothesized that light microscopic methods may not be as sensitive as fluorescent microscopic methods and may yield lower counts than fluorescent methods. Therefore, we developed a fluorescent method that enables staining of all existing capillaries. To this end, cryosections of brains were exposed to antibodies against the capillary marker fibronectin. Fibronectin has been shown to be present within the brain only in blood vessels.'1 The antibodies were then visualized by anti-antibodies coupled to a fluorochrome (indirect immunofluorescent method). The capillary counts obtained with this method were compared with those obtained from the light microscopic alkaline phosphatase method in the same structure of different rats. To directly compare the capillary patterns, we developed an additional method of fluorescent double staining of both morphologically existing and perfused capillaries in the same brain section. First, the intravascular fluorescent marker, Evans blue,12 was photographed with color film and incident fluorescent microscopy with a specific filter combination. Then, after a waiting period and gross disappearance of the marker, the capillary walls were relocated in the same brain section. They were visualized by fibronectin antibodies and FITC-coupled anti-antibodies by use of the indirect immunofluorescent method and color photography. Our data clearly and congruently indicate a continuous perfusion of virtually all capillaries in the brain of the awake rat.
Materials and Methods Preparation
The experiments were performed on 27 male Sprague-Dawley rats weighing 280-390 g. The animals were anesthetized by a gas mixture of 1-1.5% halothane, 70% N20, and 2. Body temperature was maintained at 37-37.6°C with the use of a temperature-controlled heating pad. The right femoral artery was cannulated for arterial blood sampling and measurement of arterial blood pressure by a quartz pressure transducer (Hewlett-Packard, Palo Alto, California). Substances were applied via a catheter in the right femoral vein. After surgery, the animals were placed in a rat restrainer (Braintree Scientific, Braintree, Massachusetts). Three hours were allowed for recovery from anesthesia. Fluorescent Microscopy Incident fluorescent microscopy was applied for the detection of the fluorochrome-labeled perfused and existing capillaries. The microscopic equipment consisted of a fluorescent condensor (IV FL, Zeiss, Oberkochen, FRG), which contains two different fluorescent filter combinations, a high pressure mercury lamp (HBO 50, Zeiss) as a light source, a x40 objective (Plan-Neofluar 0.8 Immersion, Zeiss) or a x25 objective (Plan-Neofluar 0.9 Immersion, Zeiss) and x 10 eyepieces. FITC appeared in a light green color while using the first fluorescent filter combination, which consisted of a 450-490 nm primary filter, a 510 nm dichroic interference mirror, and a 520 nm secondary filter. The fluorescent dye Evans blue produced a bright red color during excitation with the second filter combination, which uses a 545 nm primary filter, a 580 nm dichroic interference mirror, and a 590 nm secondary filter. For photographic documentation, a camera (Contax 139 quartz) and Kodak Ektachrome 400 ASA film were used.
Method 1: Measurement of Perfused Capillaries (Single Staining)
In a control group of eight rats, the density of perfused capillaries was determined. The fluorochrome FITC (Merck, Darmstadt, FRG) coupled to bovine gamma globulin9 was administered via the femoral vein (0.3 ml/100 g body wt) and allowed to circulate for 1 minute. After decapitation, the brain was rapidly removed and frozen in 2-methylbutane (Merck) chilled to -40°C with dry ice, embedded (M-1 embedding matrix, Lipshaw, Detroit, Michigan), and stored in plastic bags at -70°C. The brain was then cut into 6-,um coronal sections in a cryomicrotome (Jung, Nussloch, FRG) at -21°C. The sections were transferred to glass slides coated with pure alcohol and precooled in liquid nitrogen as described by Vetterlein et al. 10 The preparations were kept at -21°C until the alcohol had thawed and impregnated the tissue. The sections were floated in alcohol at room temperature and embedded in an artificial medium (entellan neu, Merck, Darmstadt, FRG). The prepared sections were observed by fluorescent microscopy. The perfused capillaries could be visualized by use of the filter combination for the detection of FITC as described above. The brain sections were inspected and photographed with the x40 objective. The exposure time was 4-6 seconds. Measurements were taken from a projection of the positives on a transparent glass screen of 23 x 15 cm by a slide projector. For each brain structure investigated, the number of clearly visible vessel sections was counted from several (7-10) brain sections and calculated for an area of 1 mm2. Vessel sections with a diameter greater than 12 ,um were not counted.
Method 2: Measurement of Existing Capillaries (Alkaline Phosphatase Method)
Another six awake rats were taken for the measurement of the density of all morphologically existing capillaries by the alkaline phosphatase method. The animals were killed by decapitation, and the brains were processed as described above. Therefore, arterial blood pressure or acid base status could not be determined in these animals. To obtain results comparable with those of Weiss and colleagues,1-5 we followed their protocol, which we obtained from them.
The brains were cut into 6-,gm coronal sections at -21°C in a cryomicrotome, transferred to glass slides, and allowed to air dry. Sections were incubated for 15 seconds in buffered sucrose-formalin solution. The slides were washed twice in distilled water and then placed in fresh prewarmed incubation solution for 15 minutes at 370 C. The incubation solution consisted of 3.8 g/l sodium metaborate, 1.7 g/l magnesium sulfate, 0.75 g/l fast blue RR, and 0.2 g/l a-naphthylphosphate (Sigma, St. Louis, Missouri) dissolved in distilled water. The slides were then rinsed in distilled water, postfixed in buffered sucrose-formaldehyde solution for 15 seconds, rerinsed, and air dried. The stained sections were observed by standard microscopy (Zeiss). The brain sections were inspected and photographed with a x 25 objective (Plan-Neofluar 0.9 Immersion, Zeiss) and x 10 eyepieces, a camera (Contax 139 quartz), and Agfapan 400 ASA film. The exposure time was 0.5-1 second. Measurements were taken from a projection of the negatives on a transparent glass screen of 23x 15 cm by a slide projector. For each brain structure investigated, the number of clearly visible vessel sections was counted from several (6-9) brain sections and calculated for an area of 1 mm2. Vessel sections with a diameter greater than 12 ,um were not counted.
Method 3: Measurement of Existing Capillaries (Fibronectin Antibody Method, Single Staining)
In another seven conscious rats the density of morphologically existing capillaries was determined by a newly developed fluorescent fibronectin antibody method. The animals were killed by decapitation, and the brains were processed as described above. The brains were cut into 6-,m sections at -21°C in a cryomicrotome. The frozen sections were transferred to glass slides, air dried, and then fixed with acetone at -21°C for 3 minutes. Excess acetone was allowed to evaporate at room temperature. Thereafter, the indirect immunofluorescent technique was performed by the following method. The polyclonal anti-human-fibronectin antibody, developed in rabbit (code A 245, Dakopatts, Glostrup, Denmark) and diluted 1:100 in phosphate-buffered saline (PBS) at pH 7.4, was used as primary antibody. Each section was overlaid with 70 gl antibody solution and incubated in a humid chamber at room temperature for 30 minutes. Slides were dipped briefly in PBS and then washed three times in PBS for 5 minutes (with a fresh PBS bath in each case and a washing time of 15 minutes). The margins of the prepared sections were wiped dry, and the wet sections were overlaid with 70 ,ul FITC-conjugated anti-rabbit immunoglobulin antibody, developed in swine (code F 205, Dakopatts), as secondary antibody. Before use, this antibody was diluted 1: 60 in PBS and centrifuged at 12,000 rpm for 5 minutes. The supernatant was taken. The prepared sections were allowed to incubate for 30 minutes in a humid chamber at room temperature. The slides were washed in PBS as described above, observed, and photographed (x40 objective) by fluorescent microscopy (for filter combination for the detection of FITC, see above) without coverslips with PBS as an immersion medium. The measurements of capillary density were performed according to the schedule described for method 1.
Method 4: Measurement of Existing and Perfused Capillaries (Double Staining)
Another six awake rats were taken for the consecutive double staining of the perfused and total capillary network by a combined method of an intravascular fluorescent marker and the indirect immunofluorescent method described above (method 3). In two animals each, Evans blue (2% solution in saline, 0.2 ml/100 g body wt, E-2129, Sigma) was allowed to circulate for 10, 30, or 60 seconds. Then the animals were decapitated, and the brains were processed as described above. The brains were cut into 6-,um coronal sections in the cryomicrotome at -21°C. Sections were transferred to slides that had previously been coated with protein-glycerine solution (Chroma, Kongen, FRG) to safeguard the adhering of the sections. The slides were then transferred to acetone at -21°C for 45 seconds. In these experiments, the fixation medium alcohol that had been used previously913 had to be replaced by acetone, because after alcohol fixation an antibody staining of the capillary walls could not be achieved. Slides were then rinsed in acetone at room temperature for 20 seconds, and the wet sections were enclosed with a coverslip. Immediately after this, the perfused capillaries (intravascular Evans blue) were observed and photographed with the x25 objective by fluorescent microscopy in incident light as described above (fluorescent microscopy). The exposure time was 2-3 seconds. For each area investigated, the x-y coordinates of the mechanical stage were carefully documented. After photography, the coverslip was removed while dipping the section into acetone. The section was then transferred into a humid chamber for 48 hours. This caused a gentle rehydration and a rather homogeneous distribution of the Evans blue dye throughout the section. Then, in the same section, the total capillary network was marked according to the fibronectin antibody method described above (method 3).
After the staining procedure, sections were covered with PBS and observed by fluorescent microscopy. The capillary walls containing the FITC-marked fibronectin antibody could be visualized by use of the filter combination for the detection of FITC as described above (fluorescent microscopy). The area for which photographs of the intravascular marker Evans blue had previously been taken was relocated by the documented x-y coordinates of the mechanical stage. In addition, the matching was controlled visually by comparing the actual image in the microscope with the color photograph taken 48 hours earlier. After exact relocation, a photo was made with an exposure time of 4-5 seconds.
Capillary densities were quantified from a projection of the color slides on a transparent glass screen of 23 x 15 cm by a slide projector. For each area investigated, the slide showing the perfused capillaries (Evans blue) was projected on transparent paper lying on the screen. Each spot of a perfused capillary was labeled by pencil. The drawing was kept on the screen when the second slide of the same area showing the existing capillaries (FITC-fibronectin antibody) was projected. The congruent capillary spots were counted and documented as well as additional capillary spots, which appeared only in one of both pictures. The numbers of congruent capillaries, perfused capillaries, and existing capillaries were calculated for the area of 1 mm2. Vessel sections with a diameter greater than 12 ,um were not counted. The number of counted capillaries, the size of the investigated areas, and the number of brain sections analyzed are given in Table 1 .
Statistical Evaluation
Values are given as mean±SD. The values presented in Table 2 are overall means for all animals calculated from the means of the capillary density obtained for a brain structure of one animal. Therefore, in this table, n is identical with the number of animals. First, an analysis of variance was performed for comparison of the four means of capillary counts measured for each structure and given in Table 2 . When a significant difference was indicated by the F value, Student's t test with Bonferroni correction for multiple comparisons was performed as described by Wallenstein et al.14 The level of significance was set at p<0.01.
Results

Hemodynamic and Acid-Base Parameters
Hemodynamic and arterial acid-base parameters could be determined in the FITC globulin (single stain, n =8) and in the Evans blue (double stain, n = 6) group. Arterial pH was 7.39+0.02, arterial Pco2 was 42.9 ±2.0 mm Hg, Po2 was 89.6± 6.2 mm Hg, and base excess was +0.96+2.1 mM/l. Mean arterial blood pressure was 126±10 mmHg, and heart rate was 362±+ 21 beats/min (mean + SD, n = 14). the evaluation of the perfused and total capillary network have been performed. In each brain section, the capillaries in the same area were counted twice (first, perfused capillaries; second, morphologically existing capillaries). Thus, the actual number of counted capillaries is double that given as N. The results of these experiments are given in Table 3 . Figure 1 shows the local densities of existing capillaries as quantified by the alkaline phosphatase method in relation to the densities of existing capillaries obtained by the newly developed fibronectin antibody method. Each point represents one brain structure in which the morphologically existing capillaries were quantified either by light microscopy or by fluorescent microscopy. The quantitative results are given in the first and second column of Table 2 . Although the sections were cut under identical conditions with the same microtome at the same thickness, in each of the 10 structures investigated the alkaline phosphatase light microscopic method yielded a significantly (p<0.01) lower capillary density than the antibody fluorescent microscopic method. On the average, the alkaline phosphatase counts were 30% lower than the fibronectin counts.
Comparison of Existing Capillary Counts as Measured by the Alkaline Phosphatase Method and by the Fibronectin Antibody Technique
Comparison of Perfused (FITC Globulin) and
Existing Capillary Counts (Fibronectin Antibody) as Measured by Fluorescent Methods Figure 2 correlates the local densities of perfused (FITC globulin) and total (fibronectin antibody) capillaries. In these experiments fluorescent microscopy was applied for the detection of both perfused and existing capillaries. Table 2 (second and third column) gives the corresponding quantitative values. These two techniques resulted in highly congruent data. A significant (p<0.01) difference of capillary counts was found in only one of the 10 structures investigated, the cerebellar peduncle. We consider this significance to be not relevant since no difference between perfused and existing capillaries could be found in the cerebellar peduncle when the measure- ments were done by double staining of the same brain section in another experimental series ( Table 3) .
Comparison of Perfused Capillary Counts as Measured With Two Different Fluorescent Dyes (FITC Globulin and Evans Blue)
In our previous studies9'13 we have used FITC globulin as the intravascular fluorescent marker. For the development of the double staining method in the present study, it was advantageous to switch to another intravascular fluorescent marker, Evans blue. Therefore, we tested whether there was a difference in the counts of perfused capillaries when these intravascular markers were compared. These results are presented in Table 2 (third and fourth column). Statistical analysis revealed significant (p<O.O1) differences in only one of 10 structures investigated, the visual cortex. Thus, intra-vascular FITC globulin and Evans blue yield virtually the same values. These experiments compared different methods of capillary counting in different groups of animals. For a more direct comparison of the perfused and existing capillary network, we developed a double-stain procedure, which allows the consecutive detection of both the perfused and the existing capillaries at the same location within the same brain section by fluorescent microscopy. Double Staining of Perfused (Evans Blue) and Existing (Fibronectin Antibody) Capillaries Within the Same Brain Section Figure 3 shows typical photographs of the local capillary pattern within a brain section taken after fluorescent double staining of perfused and existing capillaries. The figure demonstrates 1) the extensive congruence of the perfused and existing capillary network and 2) the complete separation of the images of perfused and existing vessels by using different fluorescent filter combinations and different fluorescent dyes. In the double-staining experiments, the perfusion time of the intravascular marker was 10, 30, and 60 seconds. Comparison of the numbers of perfused capillaries at the different perfusion times revealed no time dependency. Therefore, the results of these experiments have been lumped together and are presented in Table 3 . For each brain structure investigated, the first column shows the number of congruent (perfused and existing) capillaries calculated per square millimeter. Accordingly, the second column gives the perfused capillary counts (Evans blue), and the third column gives the counts of the existing capillaries (fibronectin antibody). Highly congruent results were obtained. Compared with the congruent counts, additional counts of either perfused or morphologically existing capillaries were found only in 3% of all cases. These few additional counts may not be artifacts as indicated in Figure 4 and discussed later. The number of congruent (first column), the number of perfused (second column), and the number of morphologically existing capillaries (third column) are presented as mean-+ SD, calculated from the brain sections specified in Table 1 . The percent difference of the capillary densities given in the second and third column in relation to the congruent capillary counts is given in parentheses. The slight difference in mean values of Evans blue counts when compared with Table 2 (group 4) is due to the fact that the values given in Table 2 have been calculated by summing up the mean values obtained for each animal (n is identical with the number of animals) whereas in this table the information given by double staining of each brain section is considered to be of equal importance (n is identical with the number of brain sections investigated given in Table 1 , third column). FIGURE 3. Photomicrograph showingfluorescent douible staining ofperfused and morphologically existing capillaries. In allpictures the same location within the same brain section ofthe visual cortex is shown. 
Effect ofAir Drying on the Fluorescent
Capillary Spots
To demonstrate the effect of air drying on the intensity and number of fluorescent spots, we performed the following experiment, which is in accordance with the protocol of Francois-Dainville et al.2 FITC dextran (10 mg/100 g body wt, dissolved in 1 ml saline) was injected intravenously and allowed to circulate for 60 seconds. The brain was processed and cut as described in "Materials and Methods." A brain slice was transferred to a glass slide, allowed to dry at room temperature for 15 minutes, and then photographed without embedding by use of the fluorescent microscope and the filter combination for the visualization of FITC and the x40 objective (Plan-Neofluar 0.8 Immersion, Zeiss). As visible from Figure 5 , this procedure led to a marked loss of capillary spots detectable in the fluorescent microscope, probably because of diffusion of the fluorescent dye out of the intravascular space. This effect, which is easily reproducible, explains the low percentage (about 50%) of perfused capillaries in comparison with existing capillaries reported by Weiss and colleagues.'-'
Discussion
The present study demonstrates, for the first time, the congruence of the total and of the perfused capillary network in the brains of the awake rats when highly sensitive fluorescent microscopy is used to visualize both the perfused and the morphologically existing capillaries. This congruence could be demonstrated by comparing the counts of perfused f A (FITC globulin) and existing capillaries (fibronectin) in the same brain structures of different animals, as depicted in Figure 2 . In addition, this congruence was verified directly by double staining of brain sections in which, as a first step, each single spot obtained from a perfused capillary (Evans blue) was documented by color photography. In a second step, the FIGURE 5. Photomicrograph showing effect of air drying of a cryostat brain section after intravenouls fluorescein isothiocyanate dextran injection (method uised by Weiss, Buchweitz, and colleagues'-5) on the appearantce offluorescent capillacry spots.
In contrast to alcohol or acetonie fixation, as ulsed by ouir group, air drying leads to a marked loss of capillaty spots. This is probably caused by the diffuision offluorescent dye olt of the intravascular space and explains the low fluorescent counts reported by Francois-Dainville et al. 2 Bar, 10 gm. FIGURE 4. Schematic drawing providing an explanation fur the fact that, in a few cases offluorescetnt douible staining, nionicongrluent counifts were obtained (Table 3) . This finding could be duie to the actual position of the capillary in relatiotn to the cutting plane. The figuire shows the effect of cuitting idenitical capillanr loops in different planes on the capillary couints obtained. The first clitting demonstrates the reguilar finding in which the two capillary sectiotns can be detected as two intravascular and two morphological spots (A). The second cuitting demonstrates the first exceptioni ini whiclh two perfused capillaries are cozunted, but onily onie existent capillary is couinted siicie there is continuiity of the marker of the capillary wall (B). The third cutting demonstrates the second exception in which no perfused capillary is detectable, altliough one existent capillary is counited (C). existing capillaries were marked with FITC (fibronectin antibody) in the same sections, which allowed a direct comparison between the local patterns of perfused and existing capillaries. Different filter combinations were used for fluorescent microscopy of total and perfused capillaries as can be seen from Figure 3 .
We have considered the possibility of artifacts in our data. Weiss5 has claimed that the impregnation technique used by our group (absolute alcohol or acetone) significantly overestimates the number of perfused capillaries. This assertion is based on a lower count of perfused capillaries found by Weiss and colleaguesl-using FITC dextran as an intravascular marker and fluorescent microscopy. To our opinion, the lower counts found by Weiss and his group can be explained by their way of processing the tissue. To permit a second staining of the section with the alkaline phosphatase method, these researchers air dry the cryosections before fluorescent microscopy of the intravascular marker can be performed. There is no doubt that this procedure leads to a significant loss of capillary counts of the intravascular marker. This is evident from Figure 5 , which shows the fluorescent photograph of a brain section that has been air-dried according to the method used by Weiss and his group. This loss of capillary counts by air drying is easily reproducible and apparently causes the low counts of perfused capillaries resulting in underestimation of the perfused capillary n{e -; E counts. Whereas the low fluorescent counts can be explained by the methodological problem of air drying of the brain sections, this does not exclude the possibility that our approach leads to an overestimation of perfused capillary counts, as claimed by Weiss.5 The strongest argument against the existence of artifacts in our approach is derived from the direct comparison of the perfused and morphologically existing capillaries in the same brain section. Double staining of the perfused capillaries (Evans blue fluorescence) and of the existing capillaries (fluorescent antibodies against the capillary wall marker fibronectin) in the same brain sections yielded results that are congruent by at least 97% ( Table 3 ). The fact that two completely independent methods used for staining of the perfused and of the existing capillaries yield highly congruent results excludes artifacts that could be ascribed to either of both methods. The striking congruence of intravascular and morphological counts after double staining not only excludes an overestimation of the number of perfused capillaries as claimed by Weiss5 but also justifies the use of the fibronectin antibody as a marker of the capillary walls. If an artifact would arise from either nonexisting perfused capillary counts or false fibronectin counts not associated with capillary structures, it would only show up in one of the two stains during double staining. As can be seen from Table 3 , such solitary stains were indeed observed for both perfused and morphologically existing capillaries; however, they occurred only in a few percent of the cases. Such an appearance of solitary stains of one marker during double staining may not indicate the existence of artifacts but can rather be explained by the fact that both methods stain different capillary components. Whereas the intravascular marker Evans blue stains the lumen, that is, the inner part of the capillary, the fibronectin antibody method detects the basement membrane, which is the outer part of the capillary. As visible from Figure 4 , the actual position of the single capillary relative to the cutting plane may, therefore, be responsible for the appearance of solitary spots. For the same capillary structure, either congruent or divergent capillary counts can be obtained for the intraluminal and the wall marker depending on the cutting plane, although the number of congruent spots can be expected to dominate.
Another potential artifact could be a false double staining of a solitary stain (e.g., a perfused capillary), which might appear as an artifactual fluorescent spot at the excitation wavelength of the other marker (e.g., the FITC-coupled fibronectin antibody). Tests have repeatedly been performed that excluded such an artifactual appearance of a fluorescent spot at the other excitation wavelength used. An example is given in Figure 3 , which shows that there was no overlapping between the two fluorescent emission spectra in double-stained brain sections. Thus, at one excitation wavelength (used for Evans blue), only the perfused capillaries were visible. After 48 hours, no structures could be detected before antibody staining at both wavelengths. After the completion of the fibronectin antibody stain, the capillary walls could be detected with the specific FITC filter combination, whereas the filter combination used for Evans blue (detection of the perfused capillaries) showed only some background fluorescence but no capillary spots. Figure 3 also shows that autofluorescence was low enough to avoid appearance of artifactual spots. In addition, similar counts of perfused and morphologically existing capillaries could also be detected in single stain experiments, in which either the perfused or the existing capillaries were measured by fluorescent microscopy, as shown in Figure 2 . In this case, any potential overlapping of spectra could be principally excluded.
For the quantification of the density of perfused capillaries, either globulin-coupled FITC (singlestain experiments) or Evans blue (double-stain experiments) has been used in the present study. Both markers have been checked by us and found to yield identical capillary counts. Identical counts were also obtained with a third intravascular marker (i.e., dextran-coupled FITC, in combination with an appropriate fixation in absolute alcohol)13; FITC dextran is used by Weiss and colleagues,1-5 although in combination with air drying. The introduction of the additional intravascular marker Evans blue in our double-stain studies had several reasons. First, Evans blue is easily available commercially. It is accepted to be biologically inert and to bind to plasma proteins. Second, Evans blue emitted a bright red fluorescence that came out brilliantly on the color films. This fluorescence appeared only after coupling of Evans blue to plasma proteins. Therefore, any fluorescence observed in the brain sections was due to a coupled (i.e., intravascular) marker. Third, after documentation of the intravascular marker by color photographs, it was intended to eliminate the Evans blue spots as far as possible to obtain an exclusive staining of the capillary walls with the fibronectin antibody during the second step of double staining. This was achieved by keeping the sections, after taking photographs of the intravascular marker, in a humid chamber for 48 hours; this procedure led to an intended blurring of the spots resulting in more homogeneous distribution of the Evans blue fluorescence. This was an additional precaution to avoid interference between intravascular (Evans blue) and morphological (FITC fibronectin) spots. Interference was mainly avoided by using different fluorescent filter combinations for both markers.
Our results cast doubts on the use of the alkaline phosphatase method as a quantitative marker of the capillary density and morphology in the brain. As demonstrated in Figure 1 and Table 2 , the alkaline phosphatase counts were significantly lower than the fibronectin counts in all structures investigated. We could verify this phenomenon also in double-stained sections. However, we did not present these data since they might be criticized because of the possibility that the procedure of preceding staining of the capillary walls (fibronectin antibody technique), which includes alcohol or acetone fixation, may reduce the subsequent alkaline phosphatase yield. Weiss and colleagues1-5 have derived quantitative morphometric parameters of brain capillaries from alkaline phosphatase-stained brain sections. The volume fraction that contains capillaries, the surface area, and length per unit volume have been quantified as well as the number of capillaries per cubic millimeter of brain.2,3,5'15'16 All these quantifications have been based on the assumption that the alkaline phosphatase method is able to stain each capillary structure that exists in a brain section. The present data cast doubts on such an assumption and on statements based on it. In addition, statements about the fraction of perfused capillaries with respect to the total capillary counts have also been based on alkaline phosphatase data. [1] [2] [3] [4] [5] 7 It is apparent that such statements are subject to criticism if they are based on a method that does not detect all existing capillaries. On the other hand, a shift from the alkaline phosphatase method to fluorescent methods for quantitative morphometry cannot be recommended at present. The size of the fluorescent spots depends on the intensity of the exciting light and the duration of the photographic exposure. Therefore, we have only presented capillary counts per square millimeter in the present as well as the previous studies.9 '13 The finding of the present study that virtually all existing capillaries are perfused in the rat brain is in accordance with intravital microscopic studies obtained from the surface of cat brains. Pawlik et a18 have reported that more than 90% of all capillaries are perfused. Yamakawa et a117 have found that during arterial hypotension even a plugging of a capillary by a white blood cell and the following accumulation of red blood cells does not induce a complete stoppage of plasma flow. Congruent results have also been obtained from intravital microscopy of capillary perfusion in skeletal muscles of cats. Burton and Johnson18 have found that the velocity of flow in individual capillaries varies and is directly related to the increase in blood flow that occurs during reactive hyperemia. Therefore, changes in flow velocity may determine the blood flow. This conclusion is in accordance with studies obtained from rat skeletal muscle by Myrhage and Hudlicka. 19 These authors found that even a stop of red blood cell movement for 60 seconds does not indicate a stop of plasma perfusion. From these kinds of experiments, Hudlicka20 has concluded that changes in blood flow seem to be mainly the result of changes in capillary flow velocity. Under resting conditions, different velocities in different capillaries would result in an inhomogeneous tissue perfusion. During high flow situations, linear velocity would be increased resulting in a more homogeneous perfusion of all capillaries. This concept derived from intravital studies of skeletal muscle is completely congruent with the concept developed for the brain by Kobari et al. 21 The present data are in accordance with this concept. Our previous studies have already indicated that most, if not all, capillaries are perfused in the brain of the awake rat. We could demonstrate that the maximal count of perfused capillaries is already obtained only a few seconds after injection of the fluorescent intravascular marker9 and that hypercapnia does not lead to an increase in the counts of perfused capillaries, although cerebral blood flow is markedly increased.13 In addition, halothane/nitrous oxide anesthesia did not induce any change in the density of perfused capillaries.9 The present study explains why the density of perfused capillaries is unchanged under different experimental conditions even at high cerebral blood flows. It shows that 97% or more of all brain capillaries are perfused in the awake rat under normocapnic conditions. Since such a complete capillary perfusion is found 10 seconds after injection of the intravascular marker, we conclude that 1) there is no capillary reserve in the brain and 2) an alternating capillary perfusion, if it exists in the rat brain, is not marked enough to induce a complete stop of perfusion of the single capillaries.
